In the present article, the rheological behavior and phase stability of concentrated silica suspensions were investigated experimentally by examining the effects of particle size and temperature. The silica particles were stabilized by adsorption of a silane coupling agent, ␥-methacryloxypropyl triethoxy silane ͑MPTES͒. The MPTES-coated silica particles behaved like hard spheres and exhibited the dispersion stability in tetrahydrofurfuryl alcohol which was used as a refractive-index matching solvent. For a monodisperse suspension, the limiting viscosities at high shear rates were correlated satisfactorily with the Krieger-Dougherty equation until the particle volume fraction reached 0.45 above which the limiting high-shear-rate viscosities did not exist. The highly concentrated monodisperse suspensions above ϭ 0.50 displayed the rapidly shear thinning viscosity at low shear rates and underwent the shear thickening at high shear rates. Specifically, the onset of shear thickening shifted to a higher shear rate either as temperature rose or as the suspension became stable. The dichroism from light passed in the flow-gradient direction probed the most effectively the order-disorder transition such as disappearance of hexagonally ordered layered structure and formation of particle clustering, which caused shear thickening at high shear rates. The abrupt change in dichroism caused by the breakdown of hexagonally layered structure occurred almost 1 decade before the onset of shear thickening. Finally, the bimodal suspensions prepared here possessed the reduced shear viscosity and stress in comparison with the monodisperse suspensions of identical volume fraction. The degree of the viscosity reduction became conspicuous for concentrated suspensions usually above ϭ 0.40.
I. INTRODUCTION
Processing of particle dispersion is frequently encountered in many areas such as paints, composite materials, ceramics, electronic industry, polymers, and so on. Generally, the flow of a particle dispersion shows highly non-Newtonian behavior even though they are suspended in Newtonian medium ͓Barnes ͑1989͒; Barnes et al. ͑1989͔͒ . Moreover, the deviation from the Newtonian flow behavior becomes pronounced at high volume fractions and under strong flow fields. When the particle volume fraction is very low, the suspension behaves like a Newtonian fluid as the medium solvent ͓Furth andtrated suspensions display shear thinning and high-shear-rate limiting viscosity. When the particles are highly concentrated, the suspension undergoes shear thickening in a continuous or discontinuous fashion by formation of three dimensional particle clustering ͓Metzner and Whitlock ͑1958͒ ; Hoffman ͑1972, 1974 Hoffman ͑1972, , 1992 Barnes ͑1989͒; Boersma et al. ͑1990a, b͒; Laun et al. ͑1992͒; Lee and Yang ͑1998a͔͒ .
The rheological behavior of a dilute particle dispersion was pioneered theoretically by Einstein, and thereafter, the applicable range of particle loading was extended to a concentrated suspension by several researchers ͓Furth and Cowper ͑1956͒; Batchelor ͑1977͒; Russel and Gast ͑1986͔͒. For example, Batchelor ͑1977͒, Russel and Gast ͑1986͒, and Bossis and Brady ͑1989͒ and Brady ͑1993͒ predicted theoretically the macroscopic properties of particle suspensions by considering the particle-particle interactions either from the statistical mechanics point of view or by ''Stokesian dynamics'' simulation. Meanwhile, many practical suspensions are usually described by a semiempirical equation rather than by simplified theories ͓Krieger and Dougherty ͑1959͒; de Kruif and his coworkers ͑1985͒; van der Werff and de Kruif ͑1989͔͒. Krieger and Dougherty ͑1959͒ proposed a semiempirical equation assuming that the suspended particles experienced collision, coupling, and separation under flow field. Their semiempirical equation gave somewhat satisfactory prediction, especially in the relative viscosity of a concentrated hard sphere suspension. However, the Krieger-Dougherty equation gives only the zeroshear-rate and high-shear-rate limiting viscosities as a function of the particle volume fraction. Therefore, the Krieger-Dougherty equation does not provide the information of shear thinning, shear thickening, and microstructural evolution as a function of the shear rate imposed on the suspension.
When the imposed flow becomes strong, a semidilute or moderately concentrated suspension displays the high shear-rate-limiting viscosity through the alignment to flow direction as a form of string or hexagonally ordered layered structure ͓Barnes et al. ͑1989͒; Hoffman ͑1972͒; Boersma et al. ͑1990b͒; Laun et al. ͑1992͒; d'Haene et al. ͑1993͒; Bender and Wagner ͑1996͒; Yang ͑1997, 1998b͔͒ . Meanwhile, shear thickening occurs in concentrated suspensions at high shear rates under which the ordered layered or string structure transforms into a disordered network structure by forming particle clusters ͓Chow and Zukoski ͑1995͒; Fagan and Zukoski ͑1997͒; Hoffman ͑1972; 1998͔͒. These phenomena were monitored by advanced experimental techniques such as small angle neutron scattering ͑SANS͒ ͓Laun et al. ͑1992͔͒. Although many results on the shear thickening have been reported, comprehensive understanding about the transient state of shear thickening still requires additional research.
A monodisperse hard sphere suspension begins to order into a macrocrystalline structure of face centered cubic ͑fcc͒ or hexagonally close packing ͑hcp͒, when the particle volume fraction exceeds 0.50 under equilibrium condition with no imposed flow. Further, when 0.50 Ͻ Ͻ 0.55, the random disordered phase and the colloidal crystalline phase coexist. When Ͼ 0.55, the formation of fcc or hcp structure is completed in the suspension. The structural transition is due to the fact that the particles gain entropy by arranging themselves equidistantly from one another to maximize the space in their vicinity ͓see Russel et al. ͑1989͒ and Russel ͑1998͔͒ . The severe shear thinning observed at high concentrations arises from three-dimensionally ordered structures of fcc or hcp. When ordered phases are forced to flow, one typically observes a yield stress above which the macrocrystal orients so that the direction of closest packing of the spheres is aligned to flow velocity, while the planes containing the closest packings are parallel to the shearing surfaces. Thus, at low shear rates, the three-dimensional ordered structure transforms into a two-dimensionally layered structure that permits continuous deformation. Then, the viscosity drops drastically. At high shear rates, however, the enhanced hydrodynamic force prevents them from sustaining their ordered state by forming a three-dimensional network or clustering ͓Barnes et al. ͑1989͒; Kishbaugh and McHugh ͑1993͒; Lee and Yang ͑1998a, b͔͒. Therefore, the onset of shear thickening can be observed only at the high shear-rate region and at high volume fractions usually above 50% by volume for the hard sphere suspensions. As the volume fraction increases, a particle approaches the nearby particles closer, and consequently, tremendous lubrication stress develops ͓Larson ͑1999͔͒. Further, a considerable amount of the solvent is entrapped interior to the particle cluster, which is formed by the strong hydrodynamic force. The trapping of solvent apparently decreases the mobile solvent volume fraction, or in effect, increases the particle volume fraction. For example, if the particle clustering forms a dimer or trimer, the effective particle volume fraction increases 5/4 and 4/3 times, respectively, due to the immobilized volume effect ͓Graham et al. ͑1984͔͒. The cluster formation and the resulting high lubrication stress in the concentrated suspension are responsible for the sudden and substantial increase of the shear viscosity and stress. However, the microstructure evolution and the related rheological behavior of the particle suspension have not been successfully explained yet, especially in terms of the effects of stabilization of the particle dispersion, which is of practical significance. This is the primary thrust of the present study.
In the present work, the rheological behavior and phase stability are investigated for concentrated silica suspensions. The monodisperse silica particles were synthesized successfully through the sol-gel method via hydrolysis and condensation of silicon alkoxide ͓Stober et al. ͑1968͒; van Helden et al. ͑1981͒; Bogush et al. ͑1988͒ ; Philipse and Vrij ͑1989͒; Brinker and Scherer ͑1990͒; Lee and Yang ͑1998a, b͔͒. Further, in our precedent works, the stabilization effects were considered for two different silane coupling agents such as vinyltriethoxy silane ͑VTES͒ and ␥-methacryloxypropyl triethoxy silane ͑MPTES͒ ͓Lee and Yang ͑1998a, b͔͒. The results showed that MPTES was more effective than VTES in enhancing the dispersion stability in tetrahydrofurfuryl alcohol ͑THFFA͒, which was used as a refractive-index matching solvent. Thus, in the present study, the synthesized silica particle surface was coated with MPTES to achieve the suspension stability up to extremely high particle concentrations. The steric barrier of MPTES effectively screened the van der Waals dispersion forces and the particles behaved like ''hard spheres.'' Then, rheological responses of the silica suspensions under simple shear flow were examined as functions of the particle size, volume fraction, and temperature. Further, shear thickening of the concentrated particle suspensions was discussed in detail by considering the relevant microstructural changes with time, temperature, and shear rate through flow-induced dichroism measurement. The new information reported here is the abrupt change in dichroism that occurs almost 1 decade before the onset of shear thickening. Of course, the formation of structure during flow has never been observed so clearly through dichroism in the past. At this point, it is noteworthy that our optical configuration is different from the conventional one used by others. Usually, flow-induced dichroism has been measured through the vorticity direction. However, the order-disorder transition in colloidal suspensions by shear flow was successfully observed through SANS in the flow-gradient direction by Laun et al. ͑1992͒ . This is especially true of monitoring the order-disorder transition such as the disappearance of hexagonally ordered layered structure and formation of particle clustering, which causes shear thickening at high shear rates. Indeed, in the present work, the laser beam passed through the gradient direction as in the SANS observation to probe the formation and breakup of a hexagonally layered structure. Finally, the bimodal suspension of small and large particles was also studied through rheological analysis.
II. EXPERIMENT

A. Materials and preparation of suspension
Monodisperse silica particles were synthesized through the sol-gel method proposed by Stober et al. ͑1968͒ . Tetraethylorthosilicate ͑TEOS͒; ͓Si͑OC 2 H 5 ͒ 4 , Aldrich͔ and deionized water were used as reactants for preparation of the spherical silica particles with the aid of a reaction catalyst, ammonium hydroxide ͑Aldrich͒. To induce a proper stabilization, the silane coupling agent, ␥-methacryloxypropyl triethoxy silane ͑MPTES͒; ͓ ͑C 2 H 5 O͒ 3 Si͑CH 2 ͒ 3 OCOC͑CH 3 ͒ ϭ CH 2 , Shin-Ethu Silicone Co.͔ was coated on the silica particle by chemical adsorption. The model silica particles were obtained from the specific composition of ͓TEOS͔ ϭ 0.57 M, ͓NH 3 ͔ ϭ 0.71 M, ͓H 2 O͔ ϭ 1.648 M for large particles ͑henceforth, particle B͒ and ͓TEOS͔ ϭ 0.57 M, ͓NH 3 ͔ ϭ 0.36 M, ͓H 2 O͔ ϭ 0.824 M for small particles ͑hereafter, particle SP1͒, both in 2 l of ethanol medium ͑EP grade, Oriental Chemical͒. The MPTES was added to the final silica sol solution to ensure the particle stability, and then the final molar concentration of MPTES in sol solution was maintained at 0.097 M. Particle characterizations were performed to examine the particle shape and size including its distribution by transmission electron microscopy. The presence of the chemically adsorbed silane coupling agent on the silica surface was also confirmed by elemental analysis. Before the elemental analysis, all the samples were dried in a convection oven for 24 h and in a vacuum oven for 3 h sequentially at 100°C to remove the residual reactants and the surface contaminants. In addition, the surface area of synthesized particles was measured through a Brunauer-EmmettTeller ͑BET͒ apparatus using nitrogen adsorption.
A stock solution was prepared to study the rheological behavior both of the monodisperse and bimodal silica suspensions. The final stock solution was obtained by multistep procedures; namely, synthesis of silica, MPTES coating, and evaporation of alcohol and residual reactants. In the present work, purification of the silica particles was a very important step since destabilization of the suspension was caused mainly by the existence of water and unreacted silane coupling agent. Therefore, the synthesized silica particles were purified more than three times by successively adding high purity ethanol ͑GR grade, Merck͒ and removing the supernatant after each ultracentrifugation. The stock solutions of the purified silica were used to prepare the final monodisperse or bimodal silica suspensions with various volume fractions. To render the suspension transparent, and at the same time, to screen the van der Waals attraction, THFFA ͑n D ϭ 1.45, Aldrich͒ was used as a refractive-index matching solvent. The final suspension was obtained by mixing thoroughly the silica stock solution and THFFA and evaporating the ethanol. The density of silica particles can be determined from the intrinsic viscosity of a monodisperse spherical suspension, which is 5/2 according to Einstein's theory. By measuring the shear viscosities of extremely dilute suspensions using an Ubbelohde capillary viscometer, the density of prepared silica particles was determined as 1.6ϫ10 Ϫ3 kg/m 3 . Finally, the particle volume fraction was varied from 0.05 to 0.55 in the prepared suspensions of monodisperse or bimodal distribution.
B. Apparatus
The rheological behavior was investigated with an ARES rheometer ͑Rheometric Scientific͒ and a HAAKE viscometer under steady shear flow. Temperature was varied from Ϫ5 to 30°C to elucidate the effect of thermal agitation on the rheological properties. Flow-induced dichroisms of the concentrated suspensions were also investigated through two different optical alignments originally designed by Johnson and his co-workers ͑1985͒. The optical arrangements were composed of a He-Ne laser ͑L; ϭ 632.8 nm͒, a polarizer ͑P; 0°͒, an analyzer ͑A; 0°͒, two ͑or single͒ quarter wave plate͑s͒ ͑QWP; 0°͒, a photoelastic modulator ͑PEM; 45°͒ and a photodiode detector ͑D͒. The phase modulation was designed to generate a sinusoidally modulated retardance, in which the reference frequency was 50.3 kHz. The optical alignment for the flow-induced dichroism consisted of L-PEM-QWP-sample-D. In this alignment, the ratio I/I 0 of the resultant intensity I to the initial intensity I 0 can be expressed in terms of the harmonic oscillations with the decoupled amplitude functions I dc , I 1 , and I 2 of zeroth, first, and second harmonics. Also, the calibration constants J 0 (A) 
in which the ratios detected in the oscilloscope can be expressed as
and
From the reduced dichroism of a given sample for the light signal of wavelength , the flow-induced dichroism ⌬nЉ of the sample can be determined as
All the suspensions were loaded on a cone-and-plate flow cell with a cone angle of 2°a nd an optical path length d of 0.52 mm. The cone-and-plate flow cell was made of quartz glass in order to pass the He-Ne laser beam effectively. A uniform shear field was generated within the cone-and-plate geometry with the aid of a computer-controlled step motor. As we mentioned earlier, the laser beam passed through the flow-gradient direction as in the SANS observation by Laun et al. ͑1992͒ to probe the microstructure evolution. In fact, this is a unique feature of our article. The present optical arrangement was very effective in monitoring the order-disorder transition such as disappearance of hexagonally ordered layered structure and formation of particle clustering, which is responsible for the shear thickening.
III. RESULTS AND DISCUSSION
A. Characterization of the synthesized silica particles
The sol-gel process under basic environment produces spherical silica particles through the hydrolysis and condensation reactions of TEOS. Generally, the final particle size depends strongly on the concentrations of base, water, and TEOS. In addition, the alcohol that is used as a medium solvent of the sol-gel reaction plays an important role in the final size and shape of silica ͓Stober et al. ͑1968͒; Brinker and Scherer ͑1990͔͒.
The synthesized monodisperse silica particles were spherical and the average radii of particles B and SP1 were 200.5Ϯ3.1 and 97.7Ϯ11.5 nm, respectively. No appreciable size change was observed after the MPTES adsorption onto the silica surface, implying that the coated layer would be negligibly thin compared with the primary particle size.
As a stabilizing agent for the silica particles, the contemporary silane coupling agent has been widely used ͓Philipse and Vrij ͑1989͒; Lee and Yang ͑1998a, b͔͒. The silane coupling agent leads to the particle stabilization in an organic solvent by reaction between the surface silanol groups of silica and the ethoxy groups of the silane coupling agent. Owing to the two functional groups of the organic and inorganic moieties, the silane coupling agent can provide a strong adhesion onto the interface between the organic and inorganic substances ͓Brinker and Scherer ͑1990͔͒. To confirm the adsorption of MPTES on the silica particles, elemental analysis of the treated and untreated silica particles was performed. The results were included in Table I . It can be easily seen that the carbon content was increased considerably when the silica surface was modified by MPTES. This indicates clearly that the surface silanol groups react with the silane coupling agent successfully. Moreover, the adsorbed amount of MPTES molecules per unit surface area was also estimated based on the BET and superficial surface areas. It is interesting to note that, for the larger particles B, the estimated surface coverage of the silane coupling agent based on the two differently measured surface areas showed small difference due to a slight deviation of the superficial surface area from the BET area. Finally, we tried to measure the electrophoretic mobility of the MPTES-coated silica particles with a zeta potential analyzer ͑Zeta Plus, Brookhaven͒. However, the zeta potential of the silica particles was too low to be measured, indicating that the silica particles possessed negligible residual surface charges in the organic solvent THFFA.
B. Rheological behavior at various concentrations
For a very dilute suspension, Einstein ͓Furth and Cowper ͑1956͔͒ and Batchelor ͑1977͒ determined theoretically the first ͑͒ and the second ( 2 ) order corrections, respectively, to the relative viscosity / s ϭ 1ϩ2.5ϩ6.2
. ͑2͒
Here, and s represent the viscosities of the suspension and the pure solvent, respectively. On the other hand, Krieger and Dougherty ͑1959͒ suggested a semiempirical equation Fig. 1 , the high-shear-limiting viscosities are plotted as a function of the particle volume fractions. Also included for comparison are the predictions from the correlations of Einstein, Batchelor, and Krieger-Dougherty. In this plot, the best fit m was obtained with ͓͔ m fixed at 2 in the Krieger-Dougherty equation and the maximum packing fraction for the present suspension was well matched with m ϭ 0.69 for both of the particles SP1 and B. This was very close to the reported value of 0.72 for a hard-sphere suspension at infinite shear rate ͓Barnes et al.
As expected, the viscosity of the prepared silica dispersion was in good agreement with those predicted by Einstein's and Batchelor's models in the range of ϭ 0.05-0.15 for the silica suspension. However, a considerable deviation from Eq. ͑2͒ of Einstein or Batchelor was observed at high concentrations.
C. Shear thickening behavior of concentrated suspensions
The monodisperse hard sphere suspension begins to order into a macrocrystalline structure of fcc or hcp, when the particle volume fraction exceeds 0.50 under equilibrium condition with no imposed flow. It is thus clear that the concentration around ϭ 0.50 is close to the maximum packing fraction under the flow. In Figs. 2͑a͒ and 2͑b͒ , the suspension viscosity is plotted as a function of the shear rate for two different volume fractions of ϭ 0.55 and 0.50, respectively. These plots are for the suspension of the larger particle B, which is stabilized with MPTES. Also included for comparison is the   FIG. 1 . Relative high-shear-rate limiting viscosity as a function of the particle volume fraction for MPTEScoated silica particles at room temperature. Filled symbols for particle B, open symbols for particle SP1, and lines for predictions from theories of Einstein, Batchelor, and Krieger-Dougherty. temperature effect on the shear viscosity in the range of T ϭ Ϫ2 -30°C. The severe shear thinning at high concentrations as observed in Figs. 2͑a͒ and 2͑b͒ arises from three-dimensionally ordered structures of fcc or hcp. When ordered phases are forced to flow, one typically observes a yield stress above which the macrocrystal orients so that   FIG. 2 . Shear viscosity of a concentrated suspension of particle B treated with MPTES at various temperatures. Shear thickening was observed at steady rate sweep for the suspensions of particle B: ͑a͒ ϭ 0.55, ͑b͒ ϭ 0.50. the direction of closest packing of the spheres is aligned to flow velocity, while the planes containing the closest packings are parallel to the shearing surfaces. Thus, at low shear rates, the three-dimensional ordered structure transforms into a two-dimensionally layered structure that permits continuous deformation. Then, the viscosity drops drastically. Indeed, the slope of viscosity versus shear rate for the concentrated samples was around Ϫ1 at very low shear rates, implying that a yield stress must be exceeded to induce the layered structure ͓see Fig. 2͑b͔͒ .
It can be seen from Figs. 2͑a͒ and 2͑b͒ that the shear thickening is observed when is above 0.50 for the suspension of particle B. Also noticed is that the suspensions show different types of behavior, i.e., a continuous or abrupt discontinuous transition from shear thinning to shear thickening. Specifically, the suspension of ϭ 0.50 exhibited a smooth transition to the shear thickening, whereas the suspension of ϭ 0.55 showed abrupt and discontinuous transition near a critical shear rate (␥ cr ) in spite of the steric stabilization. These phenomena clearly indicate that the volume fraction of ϭ 0.55 is sufficiently close to the maximum packing, and that the particle motion is suppressed greatly. In this case, the suspension behaves like a solid at high shear rates.
Meanwhile, as shown in Fig. 3 , the shear thickening was not observed up to the shear rate ␥ ϭ 440 s Ϫ1 for the suspension of smaller particle SP1 with ϭ 0.55, which was also stabilized with MPTES. However, if the applied shear rate exceeded 440 s
Ϫ1
, shear thickening would have occurred. The so-called Stokesian dynamics simulation shows that Brownian contribution to the shear stress diminishes, leaving only the hydrodynamic contribution as the shear rate increases. The disappearance of the Brownian contribution leads to a viscosity reduction, i.e., shear thinning, since the Brownian fluctuations tend to form a random disordered structure. It is also obvious that the Brownian contribution to a suspension of the smaller particles can remain at the higher shear rates. In addition, at a given volume fraction, the interparticle interaction becomes stronger for the smaller particle suspension due to the closer interparticle distance. Thus, for a given particle   FIG. 3 . Shear viscosity of a concentrated suspension of particle SP1 treated with MPTES at various temperatures. Shear thickening was not observed at steady rate sweep for the suspension of particle SP1 of ϭ 0.55. volume fraction, the suspension of smaller particle SP1 possesses a higher viscosity at low shear rates. However, the onset of shear thickening appeared at much higher shear rates for the smaller particle suspension due to the pronounced Brownian thermal agitation.
Similar phenomena were also observed for the nonstabilized particle suspensions and the results are represented as Figs. 4͑a͒ and 4͑b͒. It can be noted from Figs. 3 and 4͑b͒   FIG. 4 . Shear viscosity of the nonstabilized concentrated silica suspension with ϭ 0.55 at various temperatures: ͑a͒ suspension of particle B, ͑b͒ suspension of particle SP1.
that although the stabilized suspension of particle SP1 did not undergo shear thickening even at 0°C, shear thickening occurs in the nonstabilized suspension near ␥ ϭ 400 s Ϫ1 at the same temperature. It is also noteworthy that the stabilization with MPTES retards the onset of shear thickening.
Figures 5͑a͒ and 5͑b͒ display the shear viscosity as a function of the shear rate for the stabilized and nonstabilized suspensions of ϭ 0.55, respectively. In this case, the shear FIG. 5. Shear viscosity as a function of shear rate measured by upward and downward steady rate sweep for ϭ 0.55: ͑a͒ suspension of particle B stabilized with MPTES, ͑b͒ nonstabilized suspension of particle B.
viscosity was measured by upward and downward shear-rate sweeps. Unlike the typical unstable and irreversible systems, distinct hysteresis behavior was not observed as noted in Figs. 5͑a͒ and 5͑b͒. Although the unstable responses of viscosity and stress were sustained near and above the critical shear rate, the reversibility was preserved without any significant hysteresis. A clear hysteresis effect would be observed when using a stress-controlled rheometer, especially for the discontinuous form of shear thickening. In fact, only a slight hysteresis as in Fig. 5͑b͒ takes place for the nonstabilized suspension in a very slowly controlled shear-rate sweep. Meanwhile, an appreciable hysteresis is detected only under a fast shear-rate sweep. Therefore, the shear stress and viscosity behavior of the stabilized suspension was reversible in the shear-rate sweeps, which was confirmed from the repeated experiments. The onset of shear thickening is strongly affected by the thermal fluctuations of the medium. The viscosity and critical shear rate ␥ cr at the transition point are shown as a function of temperature in Fig. 6 for the suspension of particle B. It is clearly seen that the shear viscosity and shear rate at the transition point showed a strong Arrehnius-type dependency on temperature. Thus, their logarithmic values were inversely proportional to T regardless of . It means that shear thickening develops much more readily as temperature is lowered. This is because the thermal Brownian motion is weakened as temperature falls, and thereby the particle rearrangement is prevented more severely. Also noted is that the slope of viscosity in the Arrhenius-type plot remains unchanged as the volume fraction increases from ϭ 0.50 to 0.55. However, the slope of the critical shear rate for ϭ 0.55 was slightly steeper than that for ϭ 0.50. To examine the effect of stabilization, the same type of plot as in Fig. 6 is reproduced in Fig. 7 for either a stabilized or a nonstabilized suspension. As shown in Fig. 7 , the temperature dependency of the critical shear rate at a given volume fraction was not changed appreciably by the stabilization. However, the stabilization retarded the onset of shear thickening. Thus, surface stabilization suppressed the structural transition for the shear thickening. It is also noteworthy that the temperature dependency of the critical shear rate for the suspension of particle SP1 was preserved regardless of surface stabilization. 
D. Discussion on the origin of shear thickening
When the recombination of particles under flow is ultimately restricted by strong interactions between the ordered layers or strings aligned to the flow direction, the increased lubrication stress between the nearby particles is transferred to the medium solvent ͓Hoffman ͑1972, 1974 , 1992 Barnes et al. ͑1989͒ ; Boersma and co-workers ͑1990a, b͒; Laun et al. ͑1992͒; d'Haene et al. ͑1993͒; Bender and Wagner ͑1996͒; Lee and Yang ͑1998a͔͒. Pioneering research of Hoffman ͑1972͒ showed the distinct ordered diffraction pattern of hexagonal crystal structure at shear thinning, and later the disordered diffraction form of amorphous materials after shear thickening. Meanwhile, Stokesian dynamics simulation of Bossis and Brady ͑1989͒ and Brady ͑1993͒ suggested that the shear thickening was induced by the cluster formation due to the extremely strong hydrodynamic force of a particulate suspension. On the other hand, recent rheooptical experiments of d 'Haene et al. ͑1993͒ and Bender and Wagner ͑1996͒ showed that the shear thickening developed without any distinguishable changes in flow dichroism and flow disordering.
To examine the basic thrust of shear thickening, we observed the shear induced dichroisms of the concentrated suspensions stabilized with MPTES for ϭ 0.35, 0.45, 0.50, and 0.55. Figures 8͑a͒-8͑b͒ display the direct correlation between the flow-induced dichroism and the shear viscosity as a function of the shear rate. As noted from Figs. 8͑a͒ and 8͑b͒, for the suspensions with ϭ 0.35 and 0.45, the flow dichroism increases monotonously as the shear rate increases with no indication of order-disorder transition and shear thickening. On the other hand, for the highly concentrated suspensions with ϭ 0.50 and 0.55, the flow dichroism increases with shear rate in the weak flow regime, then appears to pass through a maximum and decreases rapidly at high shear rates, see Figs. 8͑c͒ and 8͑d͒. This clearly shows that highly concentrated suspensions undergo the order-disorder transition by an imposed shear flow. As far as we know, all ordered colloidal suspensions reported in the literature have been electrically stabilized, and there
FIG. 7.
Temperature dependence of the critical shear rate and critical viscosity for ϭ 0.55. The particles of B and SP1 were either stabilized with MPTES or not. Symbol B-NO for the nonstabilized suspension of particle B, SP1-NO for the nonstabilized suspension of particle SP1, and B-MPTES for the stabilized suspension of particle B with MPTES.
has been no experimental report for long-range order in shearing hard-sphere-like suspensions. This is primarily due to experimental limitations. For example, the hard-spherelike suspension can hardly sustain its phase stability at concentrations as high as ϭ 0.50. In the present study, however, the particles were successfully stabilized by the anchored layers of MPTES. Moreover, since the anchored layer of MPTES is very thin compared to the adsorbed macromolecules, the silica particles can be considered hard spheres. Thus, an ordered alignment is certainly formed prior to shear thickening in the concentrated suspensions with Ͼ 0.50. In fact, Ackerson ͑1990͒ has found a longrange order in hard sphere silica suspensions in a low strain oscillatory flow. Of course, the formation of structure during flow has never been observed so clearly through dichroism in the past. Thus, the present flow-dichroism results seem contradictory to the work of Bender and Wagner ͑1996͒ and d 'Haene et al. ͑1993͒ , who measured negligible flow dichroism changes during the shear thickening process. In fact, this was because our optical configuration was different from the conventionally used one by others in which the laser beam passed in the vorticity direction. In this work, however, the laser beam passed through the gradient direction as in the SANS observation by Laun et al. ͑1992͒ to probe the flow-induced microstructure. By doing this, we could observe the evidence of ODT such as the disappearance of hexagonally ordered layered structure and formation of particle clustering.
As mentioned earlier, when ordered fcc or hcp phase is forced to flow, the threedimensional ordered structure transforms into a two-dimensionally layered structure that permits continuous deformation in the shear thinning regime. For fcc structure, the closest packing direction is 110, which is parallel to the flow velocity, while the slipping planes parallel to the rheometer walls are 111 planes. In this orientation, particles in slipping planes ͑i.e., 111 planes of fcc͒ are in a two-dimensional hexagonal arrangement. Under these circumstances, the spacing between spheres in the gradient direction is maximized, and the spheres of hexagonally ordered layers can then most readily move over one another. Up to this point, the dichroism intensity measured through the 111 planes ͑i.e., in the gradient direction͒ increases with shear rate.
When the particle volume fraction is sufficiently high, a sliding layer interacts significantly with an adjacent layer especially at high shear rates. For example, at Ϸ 0.60, a plane of hcp spheres touches an adjacent layer at some point during its sliding motion. Then, the hexagonally layered sliding flow breaks down and the loss of shear thinning and the onset of shear thickening are caused by the layer-layer interactions at high shear rates. This clearly suggests that the reduction in dichroism intensity beyond a critical shear rate is associated with the breakdown of the hexagonally ordered layers. Similar observations were achieved by the sophisticated SANS patterns which were scattered by the neutron beam directed in the gradient direction as in our rheo-optical configuration ͓see Laun et al. ͑1992͔͒. Furthermore, the SANS patterns showed that the breakup of the hexagonally ordered layers begins at shear rates lower than those at the onset of shear thickening. This is also consistent with our flow-dichroism result that the abrupt reduction in dichroism occurs almost 1 decade before the onset of shear thickening ͓see Figs. 8͑c͒ and 8͑d͔͒. Thus, the breakup of a hexagonally ordered layered structure appears to be an insufficient condition for shear thickening. The so-called Stokesian dynamics simulation of Brady ͑1993͒ showed that the stresses in shear thickening suspensions are predominantly hydrodynamic in origin and are due to particle clustering. As a matter of fact, in the Stokesian simulation, the model suspension consisted of a monolayer of spheres immersed in a shear flow; the particles all lay in the plane of shear. However, the physics of the particle interactions within the plane of shear is the same as that in three dimensions, so this model should at least qualitatively describe the behavior of threedimensional suspensions. The particle clustering produces effectively elongated aggregates and increases viscous dissipation significantly. Thus, the shear thickening requires not only that sliding layers be broken down by shear, but that the fragment of these layers must collide with each other to form structures whose average dimensions in the flowgradient direction are large. Such a structure can jam the flow, leading to abrupt shear thickening ͓Chow and Zukoski ͑1995͔͒. Meanwhile, if the particle concentration is not high enough, layer breakdown does not lead to jamming, and there is no abrupt shear thickening, ͓see Figs. 8͑a͒ and 8͑b͔͒. Overall, the general features of order-disorder transition and subsequent shear thickening observed through a rather simple rheo-optical instrument are consistent with the sophisticated SANS images. It is worth pointing out that the suspension at high shear rates near the onset of shear thickening became turbid and scattered the light so severely that the detected signal was not reproducible. The flow-induced turbidity may arise from the formation of a relatively large particle cluster and occurs often in other heterogeneous systems such as block copolymers, concentrated polymer solutions, and nonstabilized suspensions. However, the asymptotic behavior near the onset point denoted by the arrows in Figs. 8͑c͒ and 8͑d͒ shows that the crossover shear rates of flow dichroism were very close to the critical shear rate.
Usually, the balance of hydrodynamic and Brownian contributions is frequently used as a criterion of the onset of shear thickening. The ratio of the two contributions is called the Peclet number. In this study, the Peclet number, Pe was defined in such a way that it can predict uniquely the transition point from shear thinning to shear thickening. The essential idea in the definition of Pe is that the ''ad hoc'' Pe based on the solvent viscosity s does not account for the hydrodynamic interaction between particles in a concentrated suspension. Thus, the Peclet number Pe should be based on the suspension in which ϭ ␥ is the shear stress. In Figs. 9͑a͒-9͑c͒, the shear viscosity is plotted as a function of the Peclet number for various suspensions to examine the onset of shear thickening. As expected, the onset of shear thickening appeared in a narrow region of the Peclet number, i.e., 50 Ͻ Pe Ͻ 100 for the entire temperature range considered here. It means that the Peclet number effectively predicts the transition point. Large values of the transition Peclet number imply that the hydrodynamic contribution should be sufficiently strong compared to the Brownian random force for the onset of a sudden rise in viscosity.
The role of the Peclet number ͑or reduced shear stress͒ at the onset of shear thickening has already been discussed in the past by Frith et al. ͑1996͒, Barnes ͑1989͒, and Hoffman ͑1992͒. It is not clear from the literature whether the scaling for the critical shear rate works using a 3 or a 2 . The latter has been proposed in the past by Barnes ͑1989͒ and explained by Hoffman ͑1992͒ considering the ratio of the stabilizing interparticle forces to the hydrodynamic forces. In the present study, the residual electrostatic repulsion was very weak and the silica particles were stabilized by the negligibly thin MPTES layer. Thus, the silica particles prepared here behaved effectively like hard spheres in the refractive-index matching organic medium. Under these circumstances, the scaling works using a 3 . Indeed, as noted from Figs. 9͑a͒, 9͑b͒, and 9͑c͒, the critical shear rates at different temperatures were superimposed at the same Peclet number.
E. Rheological behavior of bimodal suspensions
Shear thickening behavior is not favorable for practical applications. Therefore, a lot of work has been conducted to erase or circumvent these unfavorable effects and one typical example is the mixing with smaller particles. In general, polydispersity reduces the shear viscosity at a given particle volume fraction ͓Farris ͑1968͒; Sengun and Probstein ͑1989, 1997͒; Barnes ͑1989͒; Hoffman ͑1992͒; Shapiro and Probstein ͑1992͒; Probstein et al. ͑1994͒; Bender and Wagner ͑1996͒; Zaman and Moudgil ͑1998͔͒. In the present study, we examined the effect of polydispersity in the suspensions by measuring the shear viscosity of the bimodal suspension prepared from an equivolume mixture of particles B and SP1, both of which were stabilized with MPTES.
In Figs. 10͑a͒-10͑c͒ , the shear viscosity is plotted as a function of the shear rate for ϭ 0.35, 0.45, and 0.55, respectively. Also included in each plot for comparison are the viscosities of the monodisperse suspensions of particles B and SP1 and their bimodal suspension of equivolume fractions. As expected, the bimodal suspension was less viscous than the monodisperse suspensions. Especially, at low shear rates, the reduction of viscosity by polydispersity was drastic for ϭ 0.35 and 0.45, as indicated in Figs. 10͑a͒ and 10͑b͒. In particular, the bimodal suspensions of ϭ 0.35 and 0.45 exhibited even FIG. 9 . Shear viscosity vs Peclet number at various temperatures: ͑a͒ MPTES-coated suspension of particle B at ϭ 0.50; ͑b͒ nonstabilized suspension of particle B at ϭ 0.55; ͑c͒ nonstabilized suspension of particle SP1 at ϭ 0.55. Newtonian plateaus at low shear rates and possessed zero-shear-rate viscosities. Meanwhile, the monodisperse suspensions of ϭ 0.35 and 0.45 did not display zero-shearrate viscosity. Instead, the initial slope of viscosity versus shear rate has a value of Ϫ1, which implies the development of a yield stress. At this point, it is noteworthy to mention that in semidilute or moderately concentrated suspensions ( ϭ 0.25-0.45), any macrocrystalline structure is not formed in hard sphere suspensions at rest. Thus, the yield stress observed here should be related to the formation of a weakly flocculated structure at rest ͓Willey and Macosko ͑1978͒; Oh et al. ͑1999͔͒ . Although the silica particles were stabilized by the steric layer of MPTES, they were likely to form a weakly flocculated structure in semidilute and concentrated dispersions. Thus, a tremendous increment in the shear viscosity and an abrupt shear thinning, as observed for the monodisperse suspensions, were caused by the formation and the subsequent destruction of the weakly flocculated structure.
It can be also seen from these figures that the suspension of the smaller particles possesses the higher viscosity in the low shear region. At high shear rates, however, the viscosity becomes independent of the particle size. As mentioned earlier, the pronounced interparticle interactions caused by a relatively narrow gap between the smaller particles increased the shear viscosity at low shear rates. When the applied shear rate is not strong or if the Peclet number is much lower than O(1), the Brownian random force appears dominant in the particle interaction. Moreover, the narrow gap between the particles creates a high interparticle stress due to strong Brownian motion, which is responsible for the observed high viscosity at low shear rates. Even at ϭ 0.55, the Peclet number of the suspension of smaller particle SP1 remained at O(1) or less in the entire range of the shear rate considered here. Thus, the predominant Brownian contribution is responsible for the much higher viscosity at low or moderate shear rates than for the suspension of particle B. As shown in Fig. 10͑c͒ , the bidisperse suspensions of ϭ 0.55 did not exhibit shear thickening, which occurred in the monodisperse suspension of larger particle B at high shear rates. This is because the silica particles prepared here behaved like hard spheres. It is worth pointing out that although the order-disorder transition occurred at Ͼ 0.50 in a monodisperse suspension of particle B stabilized with MPTES, a polydisperse suspension required a higher volume fraction for the structural transition. Of course, if the particles possessed either residual surface charges or an appreciably thick steric layer anchored onto the surface, shear thickening would occur in the polydisperse suspension at lower volume fractions.
The polydispersity effect for the nonstabilized suspensions was also considered for ϭ 0.35 and ϭ 0.45 with the same particles B and SP1 and the results are reproduced in Figs. 11͑a͒ and 11͑b͒ . In this case, the volume fractions of particles B and SP1 remained identical. As noted, the suspensions with no treatment did not attain any favorable effects from the presence of the smaller particles in the suspension, especially at high volume fractions. Although the nonstabilized bimodal suspension of ϭ 0.35 showed measurable reduction in viscosity at low shear rates, the effect was not so good as the MPTES-treated suspensions. It can be seen from Figs. 11͑a͒ and 11͑b͒ that the bimodal suspensions at ϭ 0.35 with nonstabilized particles did not form any structure and exhibited a zero-shear-rate Newtonian viscosity. Meanwhile, at ϭ 0.45, the advantage of bimodal suspension was reduced and a yield stress was observed due to the formation of a weakly flocculated structure.
As noted, distinct reductions in the shear viscosity were found in bimodal suspensions, especially of the stabilized suspensions. This is because the mobile interparticle space in the bimodal suspensions becomes much larger than that of monodisperse suspensions. Thus, the particles can move without causing considerable interparticle stress under flow field. This effect of bimodal distribution becomes much more significant for a highly concentrated suspension in which the mobile space would be restricted considerably for the monodisperse system. Therefore, the effective maximum packing fraction can be increased by adjusting the polydispersity in the suspension. This benefit from bimodal distribution can retard or avoid the shear thickening or the high transport pumping pressure, which is of practical significance. 
IV. CONCLUSIONS
In the present article, the monodisperse silica suspensions were prepared and their rheological behavior and phase stability were investigated experimentally. In particular, the shear thickening of highly concentrated suspensions were intensively studied. From this work, the following conclusions could be drawn.
͑i͒ Highly concentrated suspensions undergo a transition from rapid shear thinning to shear thickening. The rapid shear thinning at low shear rates indicates the formation of three-dimensional macrocrystalline structure of fcc or hcp at high volume fractions. For suspension of larger particle B, the shear thickening is detected for у 0.5. On the other hand, the shear thickening does not occur in the suspension of stabilized smaller particle SP1 even at ϭ 0.55 due to the deficiency of hydrodynamic force. In addition, the nonstabilized suspension experiences the shear thickening at a slightly low shear rate compared to the stabilized suspension of an identical volume fraction. This is because the particle clusters are formed with ease in the nonstabilized suspension under high shear rates due to weak interparticle repulsion.
͑ii͒ The shear thickening is reversible with good reproducibility and without distinct viscosity or stress hysteresis for a given concentration. The critical shear rate and the viscosity are subject to the Arrehnius-type dependence on temperature. Further, for a given volume fraction, the suspensions with or without stabilization exhibit a similar temperature dependency.
͑iii͒ For concentrated suspensions, the flow dichroism measured through the flowgradient direction increases with shear rate in weak flow regime, then appears to pass through a maximum and decreases rapidly at high shear rates. This clearly shows that highly concentrated suspensions experience the order-disorder transition by an imposed shear flow. The flow-dichroism measurement strongly indicates that ordering of the particle suspension is reduced gradually before the onset of shear thickening. This implies that the shear thickening develops after the order-disorder transition fully proceeds. On the other hand, for semidilute or moderately concentrated suspensions, the flow dichroism increases monotonously with no indication of ODT as the shear rate increases.
͑iv͒ Bimodal suspensions stabilized with MPTES exhibit a considerable viscosity reduction at low shear rates. However, the polydispersity effect of nonstabilized suspensions is not significant since the advantage of bimodal suspension is diminished due to the intrinsic instability of the constituent particles.
